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Abstract

In this paper, we investigatd.ang TermEvolution (LTE) network mounted onreairborne
small unmannedircraft system (SUAS}o providebroadband connectivity temartphone
deviceson the groundThe use case is a public safety scenario whe#s require
broadband connectivity in an isolated aM¥® evaluate practical constrgsrfor the delivery
platform and the LTE system. We propose research questions ahéovbit of a fixed
wing sUASwould affect the coverage area provided bydireornesmall cell, and w
describethetest planusedto investigate our questiondl/e preent data on multiple field
experimentsand provide recommendations for future realidgéployments

Key words
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Definitions

LTE Attach is the successfudonnectionauthenticationand registratiomf a deviceto a
cellularnetwork.

A small unmanned aircraft systemisan unmanned aircraft weighing less than 55 pounds
on takeoff, includingll itemsthatareon board or otherwise attached to the aircraft. The
system can also refer to its associated elements (including communication links and the
components that contrdi¢ small unmanned aircraft) that are required for safe and efficient
operation of the small unmanned aircraft in the national airspace system.

Acronyms

3GPPThird Generation Partnership Project
4G 4" Generation

5G 5" Generation

AGL Above Ground Level

CSU Colorado State University

CSV commaseparated values

DHS Department of Homeland Security
DS Deployable Syste(s)

EPC Evolved Packet Core

EVM Error VectorMagnitude

FAA Federal Aviation Administration
FDD Frequency Division Duplex
GPSGlobal Positioning System

HMDN Highly Mobile Deployed Networks
LTE Long Term Evolution

MANET mobile ad hoc network

MIMO Multiple Input Multiple Output
NGFR Next Generation First Responder
NPSBN National Public Safety Broadband Network
NUC Next Unit of Computing

Vi



PSCRPublic Safety Communications Research
RF Radio Frequency

RFA Radio Frequency Authorization
RSRPReference Signal Received Power
RSRQ Reference Signal Received Quality
RSSIReceived #nal Strength Indicator

sUAS small unmanned aircraft syst¢s)y

UAS unmanned aircraft system

UE User Equipment
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1. Introduction

1.1. Project Background

The Highly Mobile Deployed Networks (HMDN) project falls within the Department of
Homeland Security (DHS) portfolio of the Public Safety Communications Research (PSCR)
Division. Deployable systems (DS) are a critical component for providing broadband
coverage for Next Generation First Responders (NGFR) under the Nationwide Public Safety
Broadband Network (NPSBN). The availability of DS is a critical need for remote areas
where conplete coverage is not feasible and areas where installed resources are
compromised. Under this project, PSCR conducts research into DS interconnectivity to
create a mobile ad hoc network (MANET) of networkemnbancenteroperability between

public safey agencies in incident areas.

As DS are highly mobile and rapidly deployable in nature, it should be expected that these
systems will operate in a wide range of environmentthaproximity of other deployed and

fixed in-band systems, in places with lted or no backhaul connectivity, andareasvhere
access to protected frequencies such as band 14 may be unavailable. Therefore, this project
proposes to identify solutions for realizing public safety's goal of utilizing broadband

services irdiverseenvironments Our research focuesson manyaspects of deploying a
broadband network for public safety use. Topics include deployment feasibility, wireless
access technologies, local and distribudechputingresources, and broadband service
availability and quality.

1.2. Objectives

This reportaimsto outlineaerial broadband coverage testamnducted in 202@nd 2021 by
PSCR statfWe describe our experimental plan in sections 2, 3, and 4, Proposed Experiment,
Test Plan, and Equipment, respeelyv In section 5, we describe the field tests we conducted
from July 2020 to February 2021. We summarize the results in section 6 and provide our
recommendations for future work in section 7.

2. Proposed Experiment

2.1. Overview

The purpose of this experimenttesobserve the coverage quality of various smartphones
connected to an LTE system mounted on an orbiting SUAS. Specifically, this experiment will
measurd. TE reference signal received power (RSRBhe system moves in an orbital

path at several predeteined distancefResearch ata will provide insight into thbest

practices for deployingnaerialLTE communication system for the public safety deployable
use case.

In previous research effort8SCRidentifiedthe SUAS as an ideal delivery platfornt fo
hosting aDS [1]. SUAS can positiomommunicatiorsystems high above an operational area
and provide line of sighwireless linkgo users on the grod. One challenge with using
SUAS for hosting DS is flight timer endurance. In a survey conducted by PSCR, 183 first
responders answered the following question:

If drones could stay in the air indefinitely and a drone ygag able to
provide continuous cellular broadband coverage for first responders in
areas where coverage was not available, approximately how long would



you anticipate needing the drone to stay in the air during such a
missionP2]

The survey results indicated that the public safety requirement for SUAS to support
broadband communications is greater than 120 minutes. Although only 183 first responders
respondedo the surveythe majority stated a need fover 120 minutes of flighiThe results

of the survey question for tl##JAS endurance need by first respondeeshown inFig. 1

® 60 to 90 minutes
90 to 120 minutes
® More than 120 minutes

Fig. 1. SUAS endurance need by first respond2}s

Major factorscontributingto sUAS endurance time are the size of the sUAS, design type,
and payload mass. In previous evaluati®?8CRresearchers identifietiese three factors
for further investigation into SUAS feasibilitwe continue to use thedesign element®r

our experiments

The total mass ofresUAS for our research and evaluation was constrained to be under 25 kg
(approximately 55 pounds). This criterion comes from the Federal Aviation Administration
(FAA) requirements fosmall unmanned aircraft use ggvernment and commercial
operatorsThe® FAA regulations, also referred to as Part 107, are the basis for how public
safety entities use sUAS. Part 107 rules dictate that the overall weight\0R& must be

under 55 pounds, and a speeaemptions required for any drone exceeding the weigh

limit. An exemptionmay not always be obtained by public safety, ginénthat uncertainty,

our research focused on the use case for drones under the weight limit. The flexibility offered
by operating under Part 107 regulations offers the best fihéopaiblic safety DS use cases

[3], [4].

From inteviews with public safetpersonnelthe most common drone dessgrsed by
public safetyagenciesvere multirotor systems. The same drone survey conducted by PSCR
asked the following question:

If a drone (that can provide continuous cellular broadband coverage)
could be either an untethered muribtor drone that can take off and land
vertically, an untethered fixeding drone that can take off and land



horizontally, or an untethered hybrid drethat can take off and land
vertically and fly horizontally, would you choose one type over another?

Of the respondents who answered this question, 74.6% expressed a preference for the
platform typeor drone designindependentf their answer to the pv@us question,
respondents then indicated their preferred drone type giving the following preferences
(percentages total to 101% due to rounding error)

1 Either they had no preference or did not give a relevant answer (46%)
Preferred multrotor UAS (29%)

Preferred fixedving UAS (1%)

Preferred hybrid UAS (14%)

= =2 =4 =

Vertical takeoff and landing capability is crucial to their missions (regardless of
whether the aircraft was a mufttor system or a fixewing system) (11%)

From the survey, 29% preferred muibtor SUAS.That resulandseveral other factorsere
sufficient for us to continueonstraiiing our research to multiotor systems. Mukrotor

drones are easier to pilot than traditional winged aircraft, are cheaper to produce, and have a
more extensivenanufacturer base. Additionally, because public safety has adopted multi

rotor systems more than any other type of design, it seemed reasonable to research these
systems instead of fixaeding systems or hybrid systems.

The third major factor we looked fatr SUAS endurance time was the payload mass.
Although many DS exist within the market, and custom solutions can be built with or without
certain features, a reasonable DS payload mass is around 4.5 kg (10 pounds).

The design of a muHiotor SUAS weighinginder 55 pounds (including a 4.5 kg payload) is
a technically challenging effort. Moreover, it is even more difficult to desiggUAS to

meet these requirements while maintaining flight capability for over 120 mifutgaish

the sUAS industry and theurrent capabilities adn SUAS, PSCR is conducting the First
Responder UAS Endurance Challefjiffe seekingo crowdsource sUAS designs that fit
these onstraints. The challenge is currentlygoingand will conclude in 2021.

Revisiting the major sUAS flight endurance factors, we investigatteer SUAS design types
in addition tomulti-rotor systemsTherelationship of aircraft design type to aeridi@éncy

is noted in [6] Multi-rotor systems have the lowest efficiency for staying airbamen
compared to helicopter systems or fixgohg systems. One reason fixedng systems are
more energy efficient is that they obtain lift from forwandtion and wing geometry.
Because fixedving systems by design are more energy efficient, it is expected that fixed
wing systems would generally have longer endurance times thanrrataltsystems. This
expectation led PSCR to ask questions about théfissof using a fixedwing system,
instead of a multrotor system, to host a DS.



2.2. Research Question

Using fixedwing systems to provide broadband connectivity to first responders, we
encounter a neweployment configuratiofor an aerialDS. Thesignificant differencesn
utilizing a fixedwing system over a muitotor system are the following:

1. Fixedwing drones must be in lateral motion for flight.

2. The use of fixedving drones introduces rapidly varying distanceth&éoground
receivers.

These two baracteristics introduced by fixedng drones may have unintended
consequences for providing broadband service. To understand the link characteristics, we
propose to investigate a specific scenario involgegeralL TE connections to users on the
groundfrom a fixedwing aircraft at various orbital radii. We will collect connectivity data to
answer the following:

1. Motion may have unintended effects on the link between an eNodeB and User
Equipment (UE). Does eNodeB motion cause link degradation to a Uteon t
ground?

2. Rapidly varying distances between an eNodeB and a UE will cause fluctuating link
qualities. What does this link look like between an eNodeBaas on the ground?

3. It can take several seconds for a UE to attach to a network when an eNodeB reference
signal is first picked up. If the distance between an eNodeB and UE changes quickly,
then a UE may not be able to attach to the network in time. Alternatively, there is a
case where a UE does attach, but the eNodeB moves away from the UE, so the
connection is only used for a brigériod Thiscasewould lead to a limitation on the
amount of data exchanged by the LTE network and the UE. In certain cases, the small
amount ofdata exchanged by the LTE network and the UE would have the same
effect as if the phone never connected to the LTE network. The delay irirajtich
the LTE network would shrink thealizedcoverage area provided by the system.

What would the new effeloe coverage area be?

By analyzing data from several aerial experiments, we can answer these questions and
provide data on optimizing a fixasling drone operation. Further, by conducting several
experiments, we plan to provide the public safety communtty wvaluable
recommendations.

As an additional note, for the remainder of this report, we will be using thextexamto
describe the successful authentication and conneafiatJEto the LTE network.

2.3. Authorizations

Before continuing, it is importand provide a briehccountof the frequency authorizations
PSCR staff obtained for the experiments. PSCR owns specialized LTE equipment that
operates only in band 14, a restricted specthatis owned by FirstNet andased to

AT&T. For initial testing,PSCR applied for several Radio Frequency Authorizations (RFA)
for Gypsum, Colorado, that were approved in March 2019. The RFAs only cover the
Gypsum areaWhen testindhadto move to Fort Collins, Colorado, PSCR staff contaeted
federalliaisonspectrum managerdm FirstNet, who coordinated the request with AT&T for



special permission to use band 14 without an RFA. PSCR was granted an exception for
testing band 14 at Christman airport in Fort Collins with the same notice and
contact/communicatiomechanisnthat PSCRused forthe GypsunRFAs.

3. Test Plan

The test plan below outlines the specific tests foatréal experimeniTests included
groundbased control measurements as well as various aerial tests.

3.1. Closerange Baseline Test

The closerangebaseline connectivity test will collect data on ideal connectivity to the
eNodeBfor each phoneThis test involves the LTE system connected to each smartphone at
a close rangerigure 2shows a diagram of the test setup.
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Fig. 2. Baseline test setup diagram
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We placedhe LTE system at the center of our test range, also known as the central point,
elevated approximately 0.74 m from the grouHde height was based on the portable table
used for the tesThe LTE eNodeB antennadasiented downrange toward the smartphones
using a tripod to maintain its orientation. Specifically, the eNodeB antenna will have its gain
maximum in the direction of the smartphoné& provide more information on the LTE
eNodeB antenna in Set.2 Figure 3shows this test setup in Gypsum, Colorado during a test
in August.



Fig. 3. Baseline test setup antenna orientation

Fourrows of smartphones will be mounted on tripods 5 m apart in a small grid. The phones
will be raised to 1.3 mbove ground levelnd oriented vertically with the screens facing the
LTE system. Three differestmaripphonesanonymized for this repomyill be in eachof the

four rows. Loaded on each phone is the NetMonRoos Android applicatiopnwhich monitors

and reportgellular connectivity metrics. The application will run on each phone to collect
connectiviy data during the tesiection 4.4 provides one informationon theNetMonitor

Pro application The primary measurement recorded is the eNadéBence signal received
power RSRB. This measurement can be loosely translated to coverage quality and is a
predictable quantity useaidely by telecom operators. We will run the experiment for
approximately 20 minutes to capture any connectivity fades that the phones may experience
over time.We will use ahandheld spectrum analyzer at the center point to mesastor

vector magnitude (EVM) and Doppler shift data if any exist.

This test ensures that the phones are connecting to the LTE network properly before an aerial
test. The closeange baseline test will also revaalyissues with the phones connecttng

the LTE system. The expectation is that all phones will remain attached and connected to the
LTE system throughout the test and will measure an RSRP ab@®&Bm. This100 dBm

criterion is based on the free space path loss calculation which is epgately 56 dB for the
phones in the fourth row. A phone that reads a connection b#@dBm most likely has
anissueand will beremoved fronthe experimentThis test would provide an opportunity

for backup smartphones to be substituted.
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3.2. Full-range Baseline Test

The full-range baseline test involvpkacing phones down range to collect connectivity data
without any movement or altitude advantag&isones willstayin their same rows, but row
spacing will be increased from 5 meters to 300 mefegsire4 andFig. 5show the diagram
of this test setup and the physical location of each smartphoneGirisemantest site.

More information on the test location will be described in a later section.

A A 4 &
0.74 m AGL «f} e ] % <3 o |
GR) } /4
A 3 4 &
Center Point A A\ /<>\
I 300 Meters I 300 Meters 300 Meters I
| | |

Fig. 4. Full-range baseline test diagram

Google Earth
Fig. 5. Google Maps fulirange baseline test setup at Christman airport

Although it is unknown what the connection quality will be between the LTE system and
each phone, we can estimate the path loss between the system and each row, as well as the



ideal RSRP levellablel showsthe calculated path loss and predicted RSRP |évekach
row.

Table 1. Estimated Path Loss and Ideal RSRP

Row Distance Free Space Path Loss|deal Predicted RSRF
Row 1 5m 44.1 dB+ 0.3 dB -42.5 dBm+ 06 dB
Row 2 305m  79.782 dBt 0005dB  -78.2 dBm+ 05dB
Row 3 605m  85.731dB+ 0003dB -84.2dBm+05dB
Row 4 905m  89.229 dB+ 0002dB  -87.7 dBm+ 05dB

The predicted RSRP values are derived from measured LTE system output power of 1.1

0.5 dBm and ideal line of sight free space path loss calculation. As noted in previous research
[1], line of sight is critical fohigh-frequency broadband communication links most

groundbased deployment cases, line of sight cannot be obtained, so it is not expected that
this test will yield the ideal predicted RSR&uesfor phones in thenore distantows This
groundbased test will provide another baseline for comparison with flight tests at similar
distanceswhereline of sight communicationsill be enabled by theUAS. In other words,

this test will provide data to demonstrate why it is necessary to host the system on a drone in
the first place. If all phones in this test could connect to the LTE network with no issues and
adequate connection quality, then a drone ath. TE system would not be needed.

3.3. Aerial Tess

The aerial tests involve mounting the LTE system to a fixed) aircraft that follows a

prescribed cirglar patharound the center point of the test range. The phones for the test will
remain in the samdace as in the fultange baseline test and will log connectivity data. The
altitude of the aircraft will be set near the maximum altitude for Part 107 regulations, just

below 122 m (400 feet). Although the optimal speed of the aircraft will be deterohinied

the trial, the aim is for the pilot to conserve as much energy as possible for prdlagyiged
endurance time. The aircraft has a stall speed of 13.0 m/s and a cruise speed of 18.9 m/s, so it
is assumed to fly somewhere in this range, with comgisfgeed for all tests. Tée flight

paths described belowyill be implemented.

3.3.1. 350-Meter Test

In the 350meter testthe aircraft's orbital radius will be set to 350 metengch will place
the aircraft into a 6to 10-degree bank relative to the grouR@gure 6providesa diagram of
this experiment.



122 m AGL

5 Meters
o /4
Center point

I 300 Meters

4

L/

Fig. 6. 350-meter test diagram

We expect a varying connectivity pattern for each row of phasekescribed irbec.3.4.
The orientation of the antenna on the fixeithg aircraftis describedn Sec.4.2 The test
will run for as long as the aircraft can remain in the sky.

3.3.2. 650-Meter Test
In the650-meter test, the aircraft's orbital radius will¢®t to 650 meters. Other than the
orbital radius, this test iglentical to the 350neter test.

3.3.3. 850-Meter Test

In the850-metertest, the aircraft's orbital radius will be seB&D metersAgain, histest is
identical to the two previous orbital testscept for the change in radiu@riginally thistest
was planned for @50 m orbit; however due to flight restrictions ahristman airportthe
orbital radiusvasreduced.

3.3.4. Additional Trials

Depending orthe availabldime and the outcome of the previdhseeflight tests we may
performadditional flighttestsfor more data. A 200 m trial may be execuyt@dng with
iteratiors of the previous flightests Figure 7shows theaerial magdor the three flightests
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Fig. 7. Google Mapsummary of all three flight trials

3.4. Expectation

In preparation for the experiment, PSCR staff developed cqaledact the distance and path
loss between the aircraft and each row of phones on the groppdnédix A provides &ew
sample outpudlataplots for the 35@neter test and the 85@eter test for the first and fourth
rows. Table 2 summarizesiese plots wit approximatesstimationsabout the expected
connectivity.

Table 2. ApproximateAssessment of Connectivity

Summary Small Orbit Large Orbit

Phones close { Overall path lossi79 dB T Overall path lossa87 dB

to the center of § Small variationd0.2dB ! Small variationd0.1 dB

the orbit

Phones far I Overall path lossa86 dB f Overall path lossbetween70
from the center § Sizable variationa7 dB dB and 90 dB

of the orbit { Large variationa24 dB

In Table2 above, when phones are far from the center of the orbit and the aircraft is in a
large orbit, we seextreme changes ath loss and distanceer time. This variabilitywill

cause issues in connecting the phone to the LTE system and, if connected, maintaining the
connection.
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4. Equipment

The following section describ¢he componentsnvolved inthe experimenand the details
surroundingheir usage.

4.1. LTE System

The LTE systemwhich we anonymized for this repod,a complete virtualized LTE EPC
(Evolved Packet Core) and eNodeB radibe core and radio combine to form a full LTE
system. The eNodeB is a Fremey Division Duplexed (FDD) system that receives UE

signals (uplink) in th&88MHz to 798 MHzrangeandtransmits (downlink) in th&58 MHz
to 768 MHzrange.These paired frequency ranges are known as band 14.

The system contains antel Next Unit of Gmputing(NUC) that runs a virtualized LTE
core. The NUC, radio baseband unit, #melRF board require a 32olt source @ supply at
least 6 ampsThetotal system mass reughly 1.5 kg without a power supplyFigure 8
shows a picture of the LTE system.

Fig. 8. LTE System

TheeNodeBof the LTE systenis a 2x2 Multiple Input Multiple Output (MIMO)system that

can output 1 W opower per antenna posiithin the 10 MHz downlink channghowever,

thatlevelis reacheanly when every resource bloak the LTE signals atmaximumpower.
Consequently, the coverage area provided by the system cannot be predicted based ona 1 W
signal. TheRSRP, which is thpower measurehby the UEin thedownlink referencesignal
determineghe abilityof a phone to attachnd maintain a connection to an eNodeB

Thereforethe RSRP, instead dhe total power outpuis used taletermine the coverage

area of an LTE eNodeB.

TheRSRP valuave expect to measufer theeNodeB can be calculatég assuming it
transmits with itdull rated poweacrosghe channelthendividing the total power between
all of theresource blocks of the downlink E signal, usind=q. (1)

YYYREE YYYDS G pr T Y6 ()
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TheReceived Signal Strength Indica{®SSI) is the maximum output power of the total
channel (specified at 1 W or 30 dBR)B is the number of resource blocks in the channel. A
10 MHz downlink channel corresponds to 50 resource blocks, so our expected RERP a
transmitter is 2.22 dBnRSCR staftabled theeNodeB directlyto a handheldpectrum

analyer andmeasuredhe RSRP at approximatelyto 1.5 dBm Although under the
expectedevel of 2.22 dBmthedifference may be attributed to losses in cabéing

connectors

PSCR staff tested 1sthartphonefrom three vendors with the LTE system. Evphpne was
able toattach to the system anglach thenternetwhenthe systemwas cabled to a gateway
router.

4.2. Band 14 LTE eNodeBAntennas

The eNodeB antenrselectedor the experimenivas theEM-LTE flexible internal strip
antenna fronMobileMark. The EMLTE antennacovers both the 698/Hz to 960 MHz
band and the 171Hz to 2700 MHz band and provides a directivityghtly over O dB at
725MHz. The antenna has a bend radius of 2.5 inchdxi), allowing it to fit on curved
surfaceg8]. The maximumnput powerto the antenna iS watts within the watt rating of
the eNodeBThe antenndimensions aré.3inches(3.4 cm) by 5.4nches(13.7cm). Figure
9 shows theEM-LTE flexible antenna.

Fig. 9. EM-LTE Antenna.

After reviewing theplannedexperimenmeasurements, namely RSR&tues we decided to

use only one antenna for one of the antenna ports on the eNodeB. Specifically, we will use
antenna port 0 of the eNodeB, which transmits the reference signal block. By having only
one antenna attached to tiecraft, we save in experiment complexity and space
management, as the aircraft underside is small compared to the antenna. An additional
antenna would only boost data rates, whiehdid not measur@ this experimentigure 10
shows the manufacturer a@nna pattern and a PS@Reated visualization of the antenna

gain.
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Elevation Plot at 725 MHz

Azimuth Plot at 725 MHz

Fig. 10. (a) EM-LTE Antenna gain patterfp) PSCR gain estimation

For the experiment, we will place the anteasaclose as possiblettoe front of the aircraf

away from the motor, to avoid interfererfcem the motor and any other moving metallic
sections. TIs orientation will provide the best possible connectivity to phones on the left and
right sides of the aircraft. The major nulls from this orientationle be in front of and

behind the aircraffThe antenna will be mounted to the airgrafishown inFig. 11

Fig. 11. Antenna placement and orientation on sUAS
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